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Introduction
N-channel conduction in organic thin-film transistors (OTFTs) has been researched actively for the purposes of realizing high-performance flexible complementary circuits (CMOS) with OTFTs and uncovering electron transport mechanisms in organic semiconductors [1] . In comparison with p-channel transistors based on pentacene, oligothiophene and so on, n-channel OTFTs show poorer characteristics. One of the main reasons for that is the air instability of many n-type organic semiconductors such as C 60 [2] and perylene diimide derivatives [3, 4] which are easily oxidized by ambient oxygen gases. Moreover, in the case of a silicon dioxide (SiO 2 ) gate insulator, silanol (SiOH) on SiO 2 surface can capture electrons in the n-channel region by generating anionic silicon monoxide (SiO -) [5] . Actually, passivation of SiO 2 gate insulators with self-assembled monolayers (SAMs) [6] and polymer dielectrics [5, 7, 8] leads to the improvement of the electron transport properties in OTFTs. However, the details on reduction of electron traps with the surface passivation have not been sufficiently discussed yet.
In this study, we reported the improvements of electron mobility and air stability of n-channel OTFTs based on 1,4,5,8-naphthalene tetracarboxylic dianhydride (NTCDA) [9] [10] [11] by employing an ultrathin poly(methyl methacrylate) (PMMA) layer on an SiO 2 gate dielectric. The chemical structure of NTCDA is shown in Fig. 1(a) . NTCDA is well known as an n-type organic semiconductor, but was reported to be unstable in air [9] [10] [11] . In previous studies, PMMA-coated gate dielectrics enabled p-channel TFTs to drive in ambipolar operation and displayed a potential of PMMA to reduce interfacial electron traps [7, 12] . In our work, we successfully fabricated a 9-nm-thick PMMA layer which covered an SiO 2 surface uniformly and showed a very smooth surface. Then, the increase of electron mobility and the air-stable operation of the NTCDA transistors were accomplished by utilizing this ultrathin PMMA gate buffer layer. From our results, the effects of this PMMA spacer on electrical characteristics of n-channel OTFTs were considered.
Experimental details
We investigated the effects of the ultrathin PMMA buffer layer on n-channel conduction in top-contact configuration of the NTCDA thin-film transistors with and without PMMA buffer layer ( Fig. 1 (b) and (c)). These OTFTs were prepared as follows. PMMA and NTCDA were purchased from Aldrich. PMMA was purified with a precipitation method using a mixture of methanol and toluene in advance [13] . Using a PMMA/toluene solution, a PMMA layer was spin-coated onto a heavily doped n-type silicon wafer (< 0.02 Ωcm, size: 1.5 cm × 1.5 cm) which has a thermally grown SiO 2 with a nominal thickness of 100 nm, and baked for 15 min at 120°C with a hot plate.
The thickness, the density and the surface/interface roughness of the PMMA and SiO 2 layer were determined in detail by X-ray reflectivity (XR) measurement system (ATX-G, Rigaku) in a specular (θ/2θ) configuration using Cu K α radiation. The XR profile was analyzed with a Rigaku GXRR data-fitting software based on the theory of Parratt [14] .
Next, once-sublimed NTCDA was thermally evaporated onto a bare SiO 2 and an SiO 2 coated with PMMA simultaneously at room temperature under the pressure of 1.0 × 10 -4 Pa. The thickness of NTCDA films was 50 nm. Finally, 25-nm-thick gold was deposited onto NTCDA films through a shadow mask to form source-drain electrode. The channel length and width were 50 μm and 1 mm, respectively.
The observation of the surface morphology of the NTCDA films was performed with an atomic force microscope (AFM) (JSPM-5200, JEOL) and the crystal structure was examined using an X-ray diffractometer (XRD) (MXP 3 , BrukerAXS) with Cu K α X-ray source. Electrical measurements of OTFTs were conducted in a vacuum (1.0 × 10 -1 Pa), followed by the measurement in air, with a KEITHLEY 4200-SCS semiconductor parameter analyzer. The field-effect mobility for electron (μ e ) and threshold voltage (V T ) were obtained from transfer characteristics (drain-source current (I D ) vs. gate voltage (V G )) in the saturation regime according to the following equation;
2 /(2L), where C i is the gate capacitance. Here C i was determined by an LCR meter (HP4263A, Agilent), by using a stacking structure of PMMA, SiO 2 and a heavily-doped Si substrate, on which upper Au electrodes were deposited by vacuum evaporation . Figure 2 shows the result of XR measurement for the stacking structure of PMMA, SiO 2 layers and a Si substrate. An interference fringe arising from the PMMA layer was observed clearly.
Results and discussion

Characterization of the PMMA layer
Fitting curve was fully coincident with the experimental result and showed that the PMMA film had the thickness of 9.2 nm, the density of 1.19 g/cm 3 , and the surface roughness of 0.37 nm, respectively. And the thickness of the SiO 2 layer was estimated to be 107.2 nm at the same time.
From this result, it was concluded that the PMMA was spin-coated uniformly over the whole surface of SiO 2 , because the surface roughness was very small and the density was the same as that of bulk PMMA (1.19 g/cm 3 ).
The capacitance of the SiO 2 film and a double layer thin film of PMMA and SiO 2 were measured to be 30.7 nF/cm 2 and 27.8 nF/cm 2 , respectively, at a frequency of 100 Hz. From these C i values and the thickness of each layer obtained by XR measurement, the dielectric constant was calculated to be 3.7 for SiO 2 , and 3.1 for PMMA. Figure 3 shows AFM images and XRD profiles of the NTCDA thin films. The surface morphology of semiconductor films on SiO 2 and PMMA was quite identical and we can see many small granular grains for individual specimens as seen in Fig. 3 (a) and (b). Moreover, XRD profiles of these two NTCDA films reveal almost the same diffraction intensity. For the NTCDA film on bare SiO 2 , the peak position and the full width at half maximum (FWHM) in Fig. 3 (c) were 2θ =11.74° and 0.18° for the first diffraction peak, 2θ =23.61° and 0.22° for the second one, respectively. For the specimen with the PMMA spacer ( Fig. 3(d) ), we obtained the peak position of 2θ =11.72° and the FWHM of 0.18° for the first peak, 2θ =23.60° and 0.24° for the second peak.
Structures of the NTCDA thin films
From these similar XRD patterns, we can say that there was almost no difference in film structure of NTCDA on the bare SiO 2 and the PMMA layer, under the preparation condition employed in this study.
N-channel operation of the NTCDA TFTs in a vacuum
Transfer Thus, the electron field-effect mobility increased about three times by the PMMA spacer. Since there was no change in NTCDA thin film structure such as grain size and crystal structure as shown in Fig. 3 , we could conclude that this improvement of the electron mobility was an effect of the PMMA spacer. However, the influence of dielectric properties of PMMA on the increase of the electron mobility can be negligible since the capacitance of the PMMA /SiO 2 double layer was smaller than that of the SiO 2 film.
Carrier transport in organic semiconductor films is governed by the hopping between localized states [15] . According to the theory of hopping transport, the field-effect mobility is inversely exponentially proportional to the barrier height for each hopping. It is possible that hydroxyls on SiO 2 gate insulators act as electron traps between hopping sites and increase the barrier height, resulting in the decrease of μ e . The effect of interfacial electron traps can be suppressed by covering the SiO 2 surface with the PMMA layer. Namely, it might be suggested that the ultrathin PMMA spacer could reduce the barrier height and increase the electron mobility as observed in our experiment. The suppression of the electron traps with the PMMA layer was also confirmed by the reduction of hysteresis phenomena for gate-biasing as shown in Fig. 4 , indicating the decrease of electric charges trapped at the semiconductor/insulator interface.
N-channel operation of the NTCDA TFTs in air
Electrical characteristics of TFTs were evaluated in air. The measurements were performed three minutes after the exposure to air. The ambient humidity and temperature were 30% and 20 °C, NTCDA is mainly oxidized by oxygen under ambient condition. However, it is possible that the oxidation reaction of organic semiconductors is enhanced by the existence of moisture [16] .
In ambient air, water molecules penetrate into NTCDA thin film and reach semiconductor/gate-insulator interface. In the case of using SiO 2 as gate insulator, water molecules are easily adsorbed onto the surface of SiO 2 , because hydroxyls exist on the SiO 2 in the form of SiOH. Therefore, the oxidation of NTCDA proceeds rapidly in the n-channel region, resulting in the 
